Abstract. Micro Air Vehicle (MAV) has the capability to fly autonomously in complex environments which enables human to conduct surveillance in areas which are deemed too dangerous or in confined spaces that does not allow human entry. Research and development of MAVs aim to reduce their size further, thus novel techniques need to be explored in order to achieve this objective while still maintaining the MAVs' current performance. In this paper, a conceptual design of an MAV with a main drive system using shape memory alloy (SMA) actuator to provide the flapping motion is proposed. SMA is considered superior to other smart materials due to its efficiency and large energy storage capacity. By incorporating SMA in the flapping wing MAV, it will provide users the flexibility to add more payloads by reducing bulky cables or reduce operating cost by using less fuel. However, there are some drawbacks in using SMAs such as nonlinear response of the strain to input current and hysteresis characteristic as a result of which their control is inaccurate and complicated.
Introduction
Currently, flapping UAVs or MAVs use servo systems to independently move each wing forward and backward or reversible electric motor to perform the flapping motion. Smart materials provide opportunity to reduce the system complexity and decrease the weight while maintaining or even improving the MAV's flight performance. The objective of this project is to design a control system for flapping wing MAV using SMA as an actuating mechanism. The design should be suitable for a vehicle capable of vertical takeoff and landing (VTOL), as well as caters high manoeuvrability for indoor environments with a wingspan of approximately 10cm and weighs approximately 30g. Due to the weight and size constraint, SMA has been chosen as the actuator for the flapping motion. SMA is lightweight, produces high force and large deflection which makes it an excellent candidate for actuator in the flapping wing control system design The restoring force of SMA as actuating material is not only affected by temperature and stress condition, but also by martensite content [1] . Even though the value of temperature and stress can be obtained by sensors, martensite content is hard to be detected, thus fine control is not easy to be achieved. Thus, it is important for this project to design a robust control system for the smart material actuation for a flapping micro UAV wing.
Flapping Wing MAV
Early flight attempts or efforts are often taken as a combination of unconventional and recurrently-failed experimentation, which lead to two viably tested approaches: fixed and rotary wing designs [2] . A significant advantage of flapping wing propulsion is that lift can be generated with little or no forward velocity and with small wing size and flapping wing has a greater endowment to recover potential energy [3] . The reduction of weight and complexity of design are the two most notable benefits.
Micro air vehicles (MAVs), as defined by Defences Advanced Research Programs Agency (DARPA), are miniature aircraft with a maximum wing span of 15 cm (about 6 inches) [4] . This physical size limitation puts the MAVs at least an order of magnitude smaller than any operational UAVs developed. Fig. 1 is a plot of vehicle payload verses wingspan.
MAV requires the actuators to be small, light and powerful with large displacement. Besides, it is significantly important to control the actuator in order to restrain the variation of actuators' specifications, which is usually achieved by local feedback controllers. Smart actuators, which contain not only actuation parts but also sensing and controlling systems inside, are candidates for this purpose since no external sensor is needed that makes the whole system utilizing the actuators simple [7] .
Shape Memory Alloy Actuators
SMA is an example of a smart material that can be used as an actuator in the flapping wing MAV. The main property of SMA is the shape memory effect. The SMA is not deformed if there is no applied force. However, at a low temperature this alloy is deformed easily by external forces. This deformed alloy can be restored to the original shape by the application of heat. These two different phases are called as Martensite and Austenite, respectively. From these observations, we can realize that the shape of SMA depends on the external stress and temperature. The effect of phase transformation on Ti-Ni is shown in Fig. 2 [5] . This characteristic of SMA makes it a good candidate for use as a displacement actuator. Unfortunately, the relationship between temperature and strain exhibits a hysteretic phenomenon. This hysteresis prevents the use of SMA as a linear actuator [6] .
The process of shape change or creating movement comprises of a five-step procedure that occurs within the material in which the shape memory effect is developed. The first step is the parent austenitic phase which occurs at a high temperature with zero stress and strain. In order to create twinned martensite, the parent austenitic structure is cooled in the absence of both stress and strain. Next, the twinning process is reversed by stressing the material which causes the now detwinned martensite to develop inelastic strains. While still maintaining its de-twinned form with the elastic strain, the load is then released. Finally, the material returns to its original shape and composition when all inelastic strains are recovered by heating the SMA to its parent austenitic start temperature [1] .
The SMA model used in this research was derived by Jayender using Liang's model, which replicates the behavior of the SMA on the physical process involved [8] . Due to the occurrence of hysteresis, the modeling of heating and cooling of the SMA actuator were separated. The described model addressed the thermo-mechanical behavior of SMAs due to the phase transformation process and the model avoids difficult-to-measure parameter and uses clearly defined engineering material constants. Applied Mechanics and Materials Vol. 629
Conceptual Design
The modelling process began by establishing the requirement of an actuating system for a MAV with a wingspan of approximately 10cm and weighs approximately 30g. This vehicle should be capable of VTOL as well as high manoeuvrability for indoor environments. Through research, it was decided that mimicking a two-wing bird or insect would be easier to move in complex manner. Through more research and the discovery of the clap-and-fling method of flight, it was decided to include a two-wing vehicle with tail surfaces to provide stability and control in the design. This would be easier to model and manufacture than the motion required for a two-wing vehicle to take flight.
The next step was to select components and materials to be used in the design. In the development of the body and wings, materials that were lightweight, yet durable enough to withstand impact and rapid movement have to be determined. The design also involves several components such as actuators and spring placement. These components must provide thrust to the MAV, flap the wings, and control the tail surfaces, while still fitting within the proposed weight budget. An isometric view of the current design is presented in Fig. 3 . 
Feedback Control System Design
Since the SMA was attached directly to the wing, it will move according to the SMA movement. Modelling the behaviour of the SMA and it will translate to the movement of the wing. Before an accurate control of the aerodynamic forces can be achieved, the response of the SMA actuator has to be under control. Due to the nonlinear behaviour of the SMA, the choice of the variable to be measured and feed back is very important in the development of the controller for an SMA actuator. Fig. 4 shows the block diagram that was developed for the experimental testing.
The input of the control system is the variable Zr(t). This is the reference value for the deflection of the beam. Beam here refer to the SMA hold by nut. The SMA was not directly applied to the surface. Z(t) stands for the actual output of the control system. This variable corresponds to the deflection value in the middle of the beam, where the strain gauge is placed. Zd(t) is the control error and corresponds to the difference between Z(t) and Zr(t). V(t) stands for the control variable generated by the controller and M for the moment generated by the SMA actuator on the holders.
Results and Discussion
The conceptualized flapping wing design was assembled from individual parts. Then, due to the SMA actuator's nonlinear behaviour, a closed loop feedback system was needed to improve its control performance. This controller performance was analysed in MATLAB. Static experiment was conducted and the results presented.
Final Assembly. Finally the individual parts were assembled. The hinge, actuator, spring, and holder could all be fastened to the body with small nuts. Super glue was very effective in attaching
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AEROTECH V: Progressive Aerospace Research the spars to the hinge, as well as the actuators to the mounts and subsequently, the mounts to the body. A photograph of this assembly is shown below in Fig. 5 .
Proof of Concept.
The purpose of the experiment was to actively control the flapping wing by the SMA wire actuators. The schematic diagram of the experimental setup is shown in Fig. 6 for flapping micro UAV wing. At the current stage of the project, we have obtained the maximum current and maximum voltage to be applied in order to make the wing flap using SMA actuator. We noted that the wing flap at the stage when voltage was set to 0.62V and the maximum current was 1.5A and its took 30 seconds to cool down The Figure 6 show experimental setup by placing the actuator to wing and powered by power supply in order to obtain maximum voltage and current when the wing flapping is triggered. The highlighted part refers to future work in this project.
From the experimental testing of the flapping wing, it was shown that a controller has to be integrated in the flapping wing system to ensure accurate performance. In this design the PDcontrol was proposed, which lacks the I-control of the PID system. The aim of using PD controller is to increase the stability of the system by improving control since it has an ability to predict the future error of the system response. PD controller which was used for investigating the flapping MAV wing is shown in Fig. 7 . For the simulation, the SMA actuator model that has been derived earlier was used. Typical value of flapping wing frequency and found for hummingbird. The initial set of gain was chosen as Kp =1000 and Kd =100. The responses of the controller are presented in Fig. 8 where the yellow line represents the reference input and the red line represents the controller's response. The results clearly showed that the performance of the controller was poor in tracking the input signal. The response of the PD controller to the unit pulse generator input was able to reach approximately 85% of the target's amplitude. The controller's response to the sine input was slightly out of phase with the target and it was also unable to reach the target amplitude.
After gain tuning the values chosen for the PD controller were Kp = 1000 and Kd = 500. The responses of the controller are presented in Fig. 9 . The response using the PD controller improved significantly with better response up to 95% of the input amplitude. The controller's response to the sine input was in phase with the target and it was also almost reach the target amplitude.
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Figure 8: PD controller response with Kp =1000 and Kd = 100 to a unit pulse generator input and sine input Figure 9 : PD controller response with Kp =1000 and Kd = 500 to a unit pulse generator input and sine input
Conclusion
The goal of this project was to develop a control system for flapping wing MAV by using SMA as the actuator. A conceptual design of the system has been presented. The type of MAV, material, placement of the actuator and the improvement of flapping wing frequency and type of sensor to be utilized have been determined. Placement of the actuator was critical and the addition of a holder was necessary to pull the wing when the SMA contracted. The heating of the wires caused them to contract, creating a force and generating a moment which moved the wing. The effect of low temperature on the controller was quite significant. It reduced the speed of response when the actuators were turned on as it went through the heating process. However the speed of response was increased when the actuators were in the cooling phase. It was observed that the SMA easily damaged by high voltage and after few cycle of usage. Due to the SMA actuator's nonlinear behaviour, a closed loop feedback system was needed to improve its control performance. This controller performance was analysed in the MATLAB. The next step is to implement this controller in LABVIEW which will be used as the interfacing program in the control system for the flapping MAV wing, but due to the nonlinearity of the SMA actuators provided the biggest challenge in designing the integrated control system.
Recommendation
The flapping wing MAV developed in this project using SMA as mechanism for flapping has a good potential. However the designing an optimal control system is a challenge. From the observation and results obtained, further improvements can be made toward developing an autonomous flapping wing MAV. Recommendations for subsequent projects include the exploration of cooling techniques and the investigation of wing shaping by means of SMA. With regards to the former, development of a viable means to increase the cooling rate of a SMA wire would prove advantageous with respect to the attainable stroke length and range of motion at increasing frequencies. Apart from this, since the proposed PD controller is was not tested in this design thus in future work, it has to be tested in the flapping MAV system. This is necessary to determine the effectiveness of the controller. Other types of controller such as PWPF and PWM modulation techniques can also be considered. In the future, the test should be conducted with these modulation techniques in order to compare and select the best controller for SMA actuation for flapping wing.
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